A model is proposed to account for selective chemical evolution, progressing from a relatively simple initial set of abiotic synthetic phenomena up to the elaborately sophisticated processes that are almost certainly required to produce the complex molecules, such as replicatable RNA-like oligonucleotides, needed for a Darwinian form of selection to start operating. The model makes the following assumptions: (F) that a small number of micromolecular substances were present at high concentration; (ii) that a raidom assembly mechanism combined these molecules into a variety of multimeric compounds comprising a wide repertoire of rudimentary catalytic activities; and (iiM) that a lytic system capable of breaking down the assembled products existed. The model assumes further that catalysts supplied with substrates were significantly protected against breakdown. It is shown that, by granting these assumptions, an increasingly complex network of metabolic pathways would progressively be established. At the same time, the catalysts concerned would accumulate selectively to become choice substrates for elongation and other modifications that could enhance their efficienicy, as well as their survival. Chemical evolution would thus proceed by a dual process of metabolic extension and catalytic innovation. Such a process should be largely deterministic and predictable from initial conditions. Most theories of the origin of life start from the premise that primitive earth conditions were such that all the components necessary for some sort of Darwinian selection to start operating were provided. These theories take for granted that abiotic syntheses, driven by no more than the prevailing physicochemical conditions, proceeded all the way to the formation of authentic replicating information-conserving molecules capable of affecting their environment in a manner that reflects back on their own rate of replication. RNA-like polynucleotides and RNA-encoded polypeptides are the favorite candidates for the primitive genotype-phenotype couple (for instance, see ref. 1).
Most theories of the origin of life start from the premise that primitive earth conditions were such that all the components necessary for some sort of Darwinian selection to start operating were provided. These theories take for granted that abiotic syntheses, driven by no more than the prevailing physicochemical conditions, proceeded all the way to the formation of authentic replicating information-conserving molecules capable of affecting their environment in a manner that reflects back on their own rate of replication. RNA-like polynucleotides and RNA-encoded polypeptides are the favorite candidates for the primitive genotype-phenotype couple (for instance, see ref. 1) .
As pointed out by Shapiro (2) and, even more forcefully by Cairns-Smith (3), this belief, especially with regard to the synthesis of polynucleotides, credits the random operation of primitive chemical mechanisms with powers of discrimination that even the most inventive organic chemists have not been able to equal under the highly artificial and sophisticated conditions of the laboratory. It is accepted much less for its likelihood than for the lack of an alternative. A few workers refuse to be so resigned and are sufficiently impressed by the implausibility argument to go on searching for an alternative. Direct protein replication has been postulated by Dillon (4) and by Shapiro (2) , but they offer no corroborative evidence, except for presumptive properties of the scrapie agent and other "prions" (5) . However, the possibility that these infectious particles might be made of self-replicating proteins, not coded by nucleic acids, has not been borne out (6) (7) (8) . A more radical proposal has been made and elaborated in great detail by Cairns-Smith (3) who postulates an initial phase governed by mineral genes, probably made of clay, during which the whole protein-nucleic acid apparatus developed progressively until it took over control, and the clay genes were discarded. A difficulty with this theory, in addition to its lack of empirical or experimental support, is that it does not convincingly explain what kind of replicative advantage clay genes might derive from the development of an increasingly complex organic machinery.
Both of these alternatives remain firmly rooted in a Darwinian selection mechanism operating by way of preferential replication. They differ from the conventional theory only by the nature of the postulated first genetic material, protein or clay, instead of RNA. The only recent theory that tries to evade a Darwinian mechanism altogether is that of Dyson (9) , who has presented a model based on Kimura's theory of evolution by genetic drift (22) . His model is attractive and yields plausible quantitative predictions, but it calls for a population of catalytic oligopeptides (or other comparable oligomers) busily reshuffling each other's structures-not a very realistic assumption.
In the present paper, it is pointed out that selection at the chemical level can operate by the preferential survival of useful molecules, as well as by their preferential replication, and a model is proposed to explain the development of an increasingly complex metabolic network from relatively simple abiotic precursors by such a mechanism.
Main Features of the Model
The model requires abiotic mechanisms to provide the following ingredients: (i) a number of small molecules comprising building blocks for the synthesizer mentioned below and one or more substrates for the catalytic activities of its products; (ii) a random synthesizer assembling building blocks into a variety of oligomeric or polymeric compounds, a number of which exhibit some sort of specific catalytic activity; and (iii) a lytic activity capable of breaking down the products of the synthesizer.
In such a system, assuming that lysis is the only reaction causing the disappearance of synthetic products and that it obeys first-order kinetics, the [16] [17] [18] [19] [20] . According to the model, all this intricacy was "discovered" in the course of a protracted coevolutionary process of metabolic and catalytic exploration, instead of arising by chance and somehow coming together amid a jumble of molecular "misfits," as is postulated by most other theories.
The model also offers a possible solution to the chirality problem, which many consider to be one of the most intractable problems connected with the origin of life. Starting, as mentioned, with heterogeneous peptides containing both D-and L-amino acids, the system could have evolved toward chiral homogeneity, because chirally homogeneous peptides bound their substrates more strongly, were more stable, or had some other property likely to favor their survival. The choice of one enantiomorphic form over another could have been accidental or dictated by substrate conformations.
The model has in common with other evolutionary theories that it relies on a random mechanism-the synthesizer-to produce the diversity on which selection operates. But it selects favorable "clones" by having them live longer, rather than reproduce faster. Survival is also a factor in Darwinian selection but only as a factor favoring reproduction. Another difference is that the model uses chance in a largely deterministic fashion. It can work only, at least at first, if the synthesizer produces all possible variants so that a steady supply of those selected is ensured. As previously pointed out, this also means that the system had to start with a restricted choice of small oligomers-a requirement that clearly fits an early prebiotic mechanism. Only later, after specific catalysts for catalyst elongation or modification appeared, could the system afford to explore a wider space of variability. An intriguing implication of this deterministic behavior is that the whole blueprint ofthe prebiotic metabolic network must have been contained in the initial conditions. It was all given at the start, though not as a minute part of a vast chemical hodgepodge, as must be assumed in conventional theories, but as something to be fashioned selectively by a progressive process of chemical evolution, which could well be largely predictable.
These are all attractive features, but it remains to be seen whether the model does not strain credibility in other ways. How plausible are its two basic assumptions that the products of a random assembly system will include a variety of catalysts and that these will be significantly protected against lysis by their substrates?
Plausibility of the Model Generation of Catalysts. Simple calculations show that even the smallest enzyme could not possibly have arisen full-blown by chance, unless the same activity can be realized by a truly astronomical number of different amino acid combinations (21) . This possibility cannot be rejected, but it seems more likely that enzymes had more modest beginnings and started, not as the finely honed finished products they are today, but as relatively short oligopeptides endowed with only rudimentary catalytic properties-just enough for evolution'to start "tinkering. " The model postulates just that and even offers a possible mechanism for pre-Darwinian selection. That random assembly could suffice to produce the first enzyme precursors is indicated by the finding by Fox (see ref.
10) that proteinoids obtained by heating amino acid mixtures display several weak catalytic activities.
Stabilization by Substrates. It is a well-known property of enzymes that they are often stabilized by their substrates. It is at least plausible that the rudimentary catalysts postulated by the model would be similarly protected, but whether this effect would be strong enough to affect the life span of the molecules significantly is more questionable. Taking the most favorable assumption that the catalyst-substrate complex is totally resistant to degradation, we find that the ratio of the steady-state amount Nj' of catalyst j in the presence of substrate to the amount Nj in the absence of substrate is given by:
-;m,= 1 +-S Nj Kj [2] in which Sj is the substrate concentration and Kj the disso- Biochemistry: de Duve hardly to be expected that a primitive prebiotic metabolism would operate immediately with the low levels of substrates and intermediates found in living cells.
It could also be pointed out that selection by survival is not an indispensable feature of the model. As long as all the catalysts needed are present, the development of a metabolic network can proceed as postulated. However, a parallel refinement of the catalysts cannot be explained without accumulation to promote it. At least not every catalyst need be protected for the model to function.
In conclusion, the proposed model does not seem to stress probability beyond the bounds of the possible. By most criteria, it does so distinctly less than do other prebiotic models. Its cornerstone is the assumption that precursors to a wide variety of enzymes will be found within the oligomeric products of the random assembly of simple prebiotic building blocks. With the growing availability and improvement of automated peptide synthesis, this assumption, as well as the assumption of stabilization by substrate, could possibly become subject to experimental testing.
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